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ABSTRACT 
There is a paucity of data on dry forests, the most threatened biome in the tropics. The 
Nandamojo is a tropical dry forest watershed in Western Costa Rica that has been impacted by 
varying degrees of human induced modifications. This research was conducted to examine the 
influence of land use and channel characteristics on invertebrate communities within a sub basin 
of the Nandamojo watershed. This study addressed three hypotheses: (1) sites with low tree 
cover and small riparian buffer zones will have high erosion, (2) macroinvertebrate abundance 
will be lower at sites with low channel stability values, and (3) benthic macroinvertebrate 
abundance will be higher in years of high rainfall and flow regimes. Sites were established along 
three tributaries, which were surveyed in 2013 and 2015. Data were compared (1) along the 
length of respective tributaries and their elevation gradients, and (2) between survey years. 
Although Nandamojo is a mixed land use watershed, two of the four land uses were dominant; 
pasture and forest. Macroinvertebrate counts were statistically different across survey years and 
seasons. The abundance of macroinvertebrates was greatest on Tributary 3, where the dominant 
land use was forest. Regional interannual rainfall is suggested as a driving factor for interannual 
differences in macroinvertebrate abundance. Although results suggest that this sub basin is in 
good health, taking preventative action by developing a subbasin management plan is needed. As 
tropical dry forest is the most threatened forest biome, educating local residents not only about 
the numerous risks of human induced modifications such as forest to pasture land conversion, 
but also the corresponding importance of maintaining riverbank vegetation in headwater streams 
should be a foremost priority.
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INTRODUCTION 
 
Of the five tropical forest biomes recognized by the Holdridge life zone classification, the 
dry forest biome is the most threatened (Holdridge 1964; Wilson and Peter 1988). Less than 
0.1% of tropical dry forests in Pacific Mesoamerica have conservation status, and the remaining 
forest areas are shrinking (Janzen 1988). These ecosystems, particularly at risk in Costa Rica, 
have high soil fertility and a favorable climate for livestock (Calvo-Alvarado et al. 2009).  
Riverine systems within dry forest areas of western Costa Rica have been especially 
susceptible to land use changes since arrival of Spanish in Guanacaste Provence in the 1500s 
(Calvo-Alvarado et al. 2009). The rate of deforestation was relatively constant until 1950 when it 
quickly accelerated as a result of expanding beef and timber markets (Calvo-Alvarado et al. 
2009).  
Land use change can degrade stream health in multiple ways (Foley et al. 2005) 
including sedimentation, nutrient enrichment, and riparian zone destruction (Roth et al. 1996; 
Nelson and Booth 2002; Allan 2004). Costa Rica has enacted conservation laws to prevent 
deforestation of riparian zones, promote reforestation and ecotourism, and embrace sustainable 
development (Calvo-Alvarado et al. 2009; Klugman 2011). In spite of such legal action, 
conversion of forest to agricultural fields, (Wilson and Peter 1988) riparian zone alteration is still 
an ongoing and prominent threat, especially in Guanacaste.  
 There is a general paucity of data on tropical dry forests, and streams in particular 
(Murphy and Lugo 1986). Tropical dry forests experience pronounced wet (5-7 months) and dry 
seasons, with most streams displaying intermittent flow. Such streams in Guanacaste are 
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characterized by macroinvertebrates that respond rapidly upon seasonal stream rewetting 
facilitated by their rapid development times, and return to a community structure similar to that 
of permanently flowing streams of the area within a matter of weeks (Szoeke et al. 2015).  
 The three major processes that control channel form and network complexity are erosion, 
transport, and deposition (Knighton 1998). Erosion is critical for riverine systems because it 
creates riparian habitat, substrate and refugia for macroinvertebrates, and influences channel 
characteristics (Florsheim et al. 2008). When high, erosion changes channel morphology (Wood 
and Armitage 1997), causing downstream changes (Trimble 1997) that negatively affect 
agricultural sustainability (Kosmas et al. 1997; Yang et al. 2003), water quality, and stream 
biodiversity (Allan 2004; Henley et al. 2000). Numerous studies have reported a positive 
correlation between invertebrate abundance and substrate size (Quinn and Hickey 1990). 
Invertebrates are often used as biological indicators in lotic systems (Boulton 1999; Norris and 
Thoms 1999; Moore and Palmer 2005), in part because they are relatively easy to collect and 
identify (Cairns and Pratt 1993), can have rapid growth rates and population turnover, and are 
representative of changes in ecosystem function (Hodkinson and Jackson 2005; Gaufin and 
Tarzwell 1952; Brown 1997; Carter et al. 1996; Morley and Karr 2002). Members of EPT 
(Ephemeroptera, Plecoptera, and Trichoptera) are sensitive to environmental stress; high 
abundance signifies a clean environment (Wahizatul et al. 2011).  
The purpose of this research was to survey select biotic and abiotic variables in a tropical 
dry forest sub basin of the Nandamojo watershed in Costa Rica and evaluate their use in 
predicting channel degradation and benthic macroinvertebrate responses to changes in channel 
parameters including, land use, riparian buffer zone width, tree cover percent, grain size, 
elevation, slope, and channel stability. Specifically, this research aimed to address three 
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hypotheses, which will provide insight for river management and erosion control in tropical dry 
forests. 
Hypotheses 
The present study addresses three hypotheses: 
1. Sites with low tree cover and small riparian buffer zones will have high erosion 
and low channel stability values.  
2. Macroinvertebrate abundance will be lower at sites with low channel stability 
values. 
3. Benthic macroinvertebrate abundance will be higher in years of high rainfall 
and flow regimes 
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METHODS 
 
Site Description 
 
The Nandamojo watershed (10°15.824’ N, 85° 42.548’ W) is located in the tropical dry 
forest of Guanacaste Province, Costa Rica (Figure 1). Río Seco is the main stream of the 
watershed and empties into the Pacific Ocean at Playa Junquillal. Mean annual temperature in 
Palo Verde (South Central Guanacaste Province) is 25° C (Figure 2a), and mean annual rainfall 
is 1,750 mm/yr (Murphy and Lugo 1986; Figure 2b). The dry season typically begins in 
November or December and lasts until June (Szoeke et al. 2015).  
This research was conducted within and adjacent to Pura Aventura (10°13.589’ N, 
85°44.879’ W), an ecotourism outdoor recreation facility located in the headwaters of the 
Nandamojo watershed. Elevation in the study area ranged from 22 meters in the valley to 73 
meters in the mountains. Three primary tributaries of Río Seco were surveyed, all of which flow 
through Pura Aventura. Tributary 1 is 3,862 meters long with a 16 meter elevation change from 
source to confluence, and Tributary 2 is 4,793 meters long with a 7 meter change. In contrast, 
Tributary 3 begins in the mountains and joins Río Seco in the valley. This tributary is 4,582 
meters long and has an elevation change of 48 meters. All three tributaries have experienced 
varying degrees of human induced changes such as land use modification, road construction, and 
housing development.  
Following recommendations of Lammert and Allan (1999) each tributary was divided 
into six equal length stream segments based on the respective length of each stream (meaning 
stream segment size was different for each tributary). Five sampling sites were established on 
 5 
each tributary beginning with the uppermost extent of the tributary. The remaining sites were 
spaced along each tributary in accordance with respective stream length. Sites along Tributary 1 
were 642 meters apart, Tributary 2 sites were 798 meters apart, and Tributary 3 sites were 761 
meters apart (Figure 1). Site coordinates were established using Google Earth Pro and imported 
into ArcMap 10.3.1 (Table 1). 
Allan (2004) proposed stream ecosystems could be characterized based on assessments 
between 10 to 10,000 meters of channel length, thus sites were surveyed for 100 meters. The 
uppermost point of the reach (straight uninterrupted 100 meter river segment) was marked with a 
field flag, as was the downstream terminus of the reach (100 meters downstream). Each survey 
started at the bottom of its respective reach and continued upstream.  
Overview of Tributary Streams  
 
All of the streams within a river basin are longitudinally linked and connected. The River 
Continuum Concept (RCC) provides a framework for the structure and function of rivers, 
especially differences in community metabolism and biotic assemblages from headwater streams 
to river mouth. Distance from river source is one factor that is typically used to explain variation 
in biotic communities (Tomanova et al. 2006; Rice et al. 2001; Vannote et al. 1980). All 
distances in this study were measured using ArcMap 10.3.1. 
Three first order streams in the Nandamojo watershed were included in this study. 
Elevation varied along Tributary 1 from 22 meters to 38 meters. Its origin was an urban area, Las 
Delicias, a small community with a school, trade center, and multiple houses. It flowed through 
the town and crossed Highway 160 approximately 100 meters downstream. It then flowed 
primarily through pasture until it entered another urban area, the town of Rio Seco, where it 
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intersected Tributary 2 at 27 meters elevation, which flowed into the main body of the Rio Seco 
at 22 meters elevation.  
 Elevation along Tributary 2 ranged from 26 to 38 meters. It passed along the edge of Las 
Delicias where it was lined with houses. Locally, this tributary is known as “Latrine Creek,” 
because of the sewage stench. Down, Tributary 2 flowed predominantly through pasture until it 
joined with Tributary 1 and flowed into Rio Seco (the river) in the town of Rio Seco. Within the 
study area, there was one bridge that crossed Tributary 2.  
 The greatest range in elevation was along Tributary 3, which varied 40 meters, from 25 to 
65 meters. The headwaters of Tributary 3 were in the mountains in an area partially clear-cut for 
pasture. When the tributary reached 30 meters elevation, the amount of pasture increased. It 
intersected with Rio Seco lower than Tributaries 1 and 2, at 26 meters. Overall, the proportion of 
pasture was the lowest along this tributary, whereas forest was the highest.  
Channel characteristics 
Channel geomorphology for each site was characterized in May 2015 when channels 
were dry. Parameters assessed included: distance from source, grain size, erosion potential, 
slope, elevation, and channel stability. 
Grain size 
Stream substrate tends to decrease in particle size with increased distance downstream 
from headwaters (Knighton 1998). Sediment grain size and overall bed material composition 
were assessed by the Wolman pebble count method conducted in a straight riffle at each site 
(Wolman 1954). A zig-zag grid (path) was used within a riffle crossover to collect samples 
(Wolman 1954). Each sample was collected randomly using the step-toe procedure, after taking 
one step the pebble in front of the toe that the fingers first touched was selected. After a pebble 
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was collected, it was assigned to the appropriate size class, which ranged from silt/ clay to 
bedrock. One hundred samples were collected in each reach. Counts were conducted in May 
when channels were dry.  
Erosion potential 
Erosion potential was calculated with the BEHI (Bank Erosion Hazard Index) and NBS 
(Near Bank Stress) methods (Rosgen 2001a). BEHI variables and NBS measurements were 
taken at a representative cross section within each reach at the apparent bankfull stage, the level 
of flow where water reaches the active floodplain (Leopold 1994). If a floodplain was not well 
developed (no clear delineation from stream channel) or the channel was entrenched (floodplain 
not accessible and high flows contained within stream channel), bankfull indicators (vegetation, 
water line, tree location, lichen, etc.) were used to identify bankfull level according to Leopold 
and Skibitzke (1967).  
Channel depth measurements were taken along a cross section at the apparent bankfull 
level (Kline et al. 2009). Regardless of respective channel width, the cross sectional distance was 
divided into 10 segments. The lowest bank was designated as the study bank and bankfull height 
was measured from the thalweg, the line of greatest depth down the channel (Leopold et al. 
1964), to the floodplain. Visual assessments of the upper bank were made to designate the 
percentage of vegetative protection and root density based on the six cover classes of the 
Daubenmire method (Daubenmire 1959) and the US Geological Survey (2011) vegetation 
density class image. Bank angle of the upper bank was measured using a meter stick and 
inclinometer. 
The BEHI was used to evaluate erosion potential. Erosion variable measurements 
(surface protection, bank angle, root density percent, etc.) were utilized to designate bank erosion 
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potential index values. Adjustments were made to the bank erosion potential value based on bank 
material composition and stratification. The grand total (erosion potential value and adjustment 
value) represented the BEHI rating, which ranged from the best rating category of 5-9.5 (very 
low erosion potential) to the worst of 46-50 (extreme erosion potential). All cross sections were 
established within a riffle crossover. 
The NBS measurements were made along a cross section. Regardless of channel width, 
the cross section was divided into three equally spaced segments. Depth measurements were 
recorded from the apparent bankfull level (Rosgen 2001a). The ratio of near bank maximum 
depth to bankfull mean depth was used to assign a near bank stress rating as described in the 
NBS rating table (Rosgen 2001a). NBS ratings ranged from the best rating category of < 1 (very 
low near bank stress) to the worst > 3 (extreme near bank stress). 
Total bank erosion calculations were derived using BEHI and NBS ratings. BEHI and 
NBS ratings were converted into bank erosion rates for each site using the Yellowstone graph 
from Rosgen (2001a). Erosion estimates of each tributary were calculated by multiplying the 
bank area by the bank erosion rate. 
Slope and elevation 
Slope values were assigned using 1:24,000 scale slope maps converted from digital 
terrain elevation models (source: http://srtm.csi.cgiar.org). Slope maps were created using 
ArcMap 10.3.1. Elevation was recorded at each site using Google Earth Pro. 
Channel stability 
 
The Modified Pfankuch Channel Stability Rating Procedure was used to measure channel 
stability (Rosgen 2001b; Pfankuch 1975; Collier 1992). This procedure evaluated 15 channel 
characteristics of the upper (landform slope, mass wasting, debris jam potential, and vegetative 
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bank protection) and lower (channel capacity, bank rock content, obstructions to flow, cutting, 
and deposition) stream banks and channel bottom (rock angularity, brightness, consolidation of 
particles, bottom size distribution, scouring and deposition, and aquatic vegetation) for indication 
of erosion. Channel stability measurements were recorded based on the appearance of the entire 
reach; although, certain measurements, such as landform slope and channel capacity, were taken 
along a cross section. Following Pfankuch (1975) each channel characteristic was designated an 
interval and ordinal rating. Ordinal site ratings ranged from “poor” to “excellent.” The interval 
rating values were added for each sites grand total. The grand total of qualitative/categorical 
ratings was used in combination with the respective stream type (Rosgen 2001b) to calculate the 
modified channel stability rating value. Stream type was determined with the Rosgen Stream 
Classification System, which categorized streams based on entrenchment ratio, width/depth ratio, 
sinuosity, slope, substrate size, and streambed features (Rosgen 1994). 
Macroinvertebrates 
Benthic macroinvertebrate surveys were conducted in December 2015. Although two 
survey periods (May and December, the end of dry and wet season, respectively) were planned, 
the streams were dry in May. Goddard and Crisman sampled the same study streams at two sites 
per stream (six total sites; Figure 1) in May and December 2013 (unpublished data). Data from 
December 2015 were compared to macroinvertebrate data from 2013 for those sites that were in 
common (sites A-F).  
Macroinvertebrate surveys were conducted within pool and riffle habitat types, including 
microhabitats (woody debris and bank vegetation) as recommended by Montgomery and 
Buffington (1997). Sampling started at the downstream endpoint of a reach and continued 
upstream. Macroinvertebrates were sampled using a 425-μm mesh D-frame net with methods 
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similar to Lammert and Allan (1999). The D-frame net was used to disturb the bottom substrate 
within a particular habitat type and subsequently collect invertebrates (with three sweeping 
motions, moving the net in the opposite direction of flow). Habitats were sampled at every site 
(nine sweeps total) and total net sampling time lasted less than or equal to one minute. In the 
field, macroinvertebrates were sorted from inorganic materials and immediately preserved with 
70% ethyl alcohol (Dawson 1998). Individuals were returned to USF and classified to family 
level using taxonomic keys in Merritt and Cummins (1996). 
Land use 
Land use classification 
 
ArcMap 10.3.1 (ESRI 2014) was used in conjunction with Google Earth Pro to designate 
land use with 100 meter resolution images. Land use classification was based on the percent 
method described by Morley and Karr (2002) on modified local (200 meter) and riparian (500 
meter) scales. Each scale classified the adjacent landward area upstream of a site boundary 
(either 200 or 500 meters based on scale). A 100 meter buffer (50 meters on each side of the 
bank) was applied with both the local and riparian scales. Land use classifications of Sliva and 
Williams (2001) were modified to produce four land use classes: (1) pasture; (2) forest; (3) 
agriculture and; (4) urban (including roads).  
Tree cover 
Tree cover was measured using Google Earth Pro and ArcMap 10.3.1. The percentage of 
tree cover was based on the amount of canopy delineated within the area of land upstream of 
each site using the local and riparian scales. A 100 meter buffer was applied (50 meters on each 
side of the bank). 
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Riparian buffer zone width 
The width of the stream riparian buffer zone was not measured physically from the 
uppermost section of stream at every site due to the abundance of barbed wire fencing. Indirect 
measurements of riparian buffer zone width were taken perpendicular to the river, both right and 
left sides, at the uppermost section of each reach using Google Earth Pro. The left and right 
riverbank width measurements were combined into one overall riparian buffer zone width value. 
Riparian buffer zone width was recorded at every site. The riparian buffer zone width 
measurement was different from percent tree cover as tree cover percent was taken at the riparian 
and local scales (200 and 500 meters landward), whereas the riparian buffer zone width 
measurement was taken until the point where the tree line stopped perpendicular to the flow of 
water from the survey site. 
Data analysis 
To analyze the data, comparisons were made: (1) along the length of respective 
tributaries and their elevation gradients, and (2) between survey years. Within and between 
streams comparisons were made. Of special interest were inflection points along gradients of a 
parameter. Land use and channel characteristic factors were compared among tributaries using 
separate ANOVAs (n = 5 per tributary). Linear regressions were used to compare channel 
stability values to channel characteristics (distance from source, erosion potential, grain size, 
slope, and elevation) and land use variables (land use, tree cover, and riparian buffer width). 
GRADISTAT version 8 (Blott and Pye 2001) was used to evaluate grain size distribution.  
Macroinvertebrates were assessed in several ways. Total macroinvertebrate abundance 
was compared for various levels of taxonomy across sites and elevations. Abundance data were 
compared to either grain size or elevation with linear regressions, across various levels of 
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taxonomy. All analyses focused on the number of families and individuals found within major 
invertebrate groups of the tropics (Ephemeroptera, Diptera, Coleoptera, and Trichoptera). 
Macroinvertebrate abundance data from 2013 were compared to 2015 data using student’s two-
tailed t-test (α = 0.05). Macroinvertebrate data from 2013 were only used in comparative tests to 
observe variation from 2015 macroinvertebrate diversity and abundance data. Finally, 
macroinvertebrates were evaluated with the Shannon and Simpson Diversity indices as described 
by Metcalfe (1989).  
To assess the relationships of measured variables and benthic macroinvertebrate 
biological response to changes in channel parameters, linear regressions were used to compare 
diversity to land use variables and channel characteristics (including channel stability). PCA 
(Principal Components Analysis) and CCA (Canonical Correlation Analysis) ordination 
diagrams were also created to determine which of the measured variables were the strongest 
predictors of channel stability or macroinvertebrate community composition. Channel stability, 
dominant land use, and grain size were assigned a ranked value for statistical analysis.   
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RESULTS  
Land Use 
Land use, tree cover, and riparian buffer zone width were evaluated landward from each 
site using two scales, riparian (200 meters) and local (500 meters). Across all sites, pasture and 
forest were the two dominant land uses (Table 2). Agriculture, although present within the sub 
basin (small gardens adjacent to urban areas), was not detected with either the riparian or local 
scale. Urban land use was detected at almost all Tributary 1 and 2 sites, yet rarely detected at 
Tributary 3 sites. Dominant land use was significantly different across tributaries (n = 5 sites per 
tributary) with the riparian scale ANOVA, F = 6.5, p = 0.01), but not the local scale (ANOVA, F 
= 2.8, p = 0.1); the greatest difference in dominant land use was between Tributaries 2 and 3. 
Pasture was dominant along Tributary 2, whereas forest was dominant along Tributary 3.  
Along tributaries, scale did not impact tree cover trends. Tree cover at the uppermost site 
on Tributary 1 (Site 1) was 7% and increased gradually downstream until it reached 37% (Site 
4). Tree cover decreased to 24% at the last site surveyed on the tributary (Site 5). Tree cover at 
the uppermost site on Tributary 2 (Site 6) was less than 1% and increased downstream to 20% at 
the last site on the tributary (Site 10). Tributary 3 had the highest percent of tree cover overall, 
with the headwater site (Site 11) 89% covered, but it decreased downstream to 44% at the 
confluence with Rio Seco (Site 15). There was a significant difference in tree cover across 
tributaries at both local (ANOVA, F = 7.788, p = 0.006) and riparian (ANOVA, F = 15.191, p = 
0.0005) scales; Tributary 2 had the lowest tree cover overall. Post hoc Turkey HSD tests showed 
that the greatest differences in tree cover were between Tributaries 1 and 3, and Tributaries 2 and 
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3 (both p = 0.001; Figure 3). Tree cover was lowest at sites along Tributaries 1 and 2 where 
pasture was dominant. 
Along Tributary 1, riparian buffer zone width was highly variable, ranging from 0 to 90 
meters. The site with no riparian buffer zone was at the bridge for Highway 160, a major road to 
Tamarindo. Buffer zone width along Tributary 2 ranged from 36 to 73 meters. Overall, Tributary 
3 had the highest average riparian buffer zone width with a range of 63 to 100 meters. Mean 
riparian buffer zone widths were 53, 44, and 77 meters for Tributaries 1, 2, and 3, respectively. 
Although there was a considerable difference in mean riparian buffer zone width across 
tributaries, they were not significant (ANOVA, F  = 2.42, p = 0.130; Figure 4).  
Channel Characteristics 
Surveyed channel characteristics included distance from source, erosion potential, grain 
size distribution, slope, elevation, and channel stability. Distance from source ranged from 642 to 
3,852 meters on Tributary 1; 798 to 4,788 meters on Tributary 2; and 761 to 3,805 meters on 
Tributary 3. Erosion rates, measured at each site varied along tributaries. Erosion rates averaged 
were 0.3, 0.5, and 0.1 ft3/year on Tributary 1, 2, and 3 respectively. Overall, erosion rates were 
higher across Tributaries 1 and 2 than Tributary 3; however, the differences were not 
significantly different across tributaries (ANOVA, F = 2.65, p = 0.11). Site erosion rates differed 
by land use; sites with the highest forest percentages had lower erosion rates (Figure 5a); 
whereas, sites with the highest pasture percentages had higher erosion rates. Neither relationship 
was significant. Very little urban land use was detected; erosion rate and urban land use 
percentage were not significantly correlated with one another (Figure 5b). The difference 
between sites with low urban % (0-2%) and erosion rate were significantly different from those 
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with higher urban % (3-14%) and erosion rates (t-test: p = 0.005, df = 8). Erosion rate varied 
with distance from headwater source (Figure 6) but there was no clear trend for any tributary. 
Grain composition was evaluated along an elevation gradient. Sand, gravel, cobble, and 
organic materials were sampled. Organic materials (sticks, leaves, etc.) were a major component 
of the Wolman pebble counts (Figure 7a) likely reflecting the fact that surveys were conducted 
before the wet season rainfall vegan and washed the debris downstream. When organic material 
was ignored, gravel was the major grain size across all tributaries (Figure 7b). Sand was also 
prevalent on Tributaries 1 and 2 and the dominant size class at site 6. Overall, Tributary 3 was 
characterized by large grain sizes, especially cobble, and at site 11 in particular. Grain size 
distribution varied across tributaries (Figure 8). Fine gravel or larger (Φ ≥ -3) constituted 63%, 
49%, and 87% of the samples for Tributary 1, 2, and 3 respectively. Small boulders or larger (Φ 
≥ -7) comprised 22% of the sample on Tributary 3. 
Slope was not significantly different across tributaries (ANOVA, F = 0.77, p = 0.48). The 
greatest difference in slope was between Tributaries 1 and 3, which was expected as Tributary 1 
flows in the valley and Tributary 3 flows from the mountains. The average elevations across 
Tributary 1, 2, and 3 sites were 29.2, 28.6, and 36.8 meters, respectively. The greatest range in 
elevation was 27 meters for Tributary 3, but elevation was not significant across tributaries 
(ANOVA, F = 2.12, p = 0.16).  
Channel stability ratings were not significantly different across tributaries (ANOVA, F = 
1.14, p = 0.35). Despite statistical differences in land use and tree cover, in addition to the 
variation in elevation and grain size, channel stability ratings were either “good” or “fair” across 
all surveyed sites. Tributaries 1 and 3 only had one “fair” rating and four “good,” each whereas 
Tributary 2 had three “fair” ratings and two “good.”  
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Linear regression showed that channel stability was not strongly correlated with any of 
the measured variables. Dominant land use was the only variable that reflected channel stability; 
sites with “fair” channel stability ratings had pasture as the dominant land use, whereas sites with 
“good” channel stability ratings had forest.  
Macroinvertebrates 
Macroinvertebrates were surveyed to assess the influence of variation in channel 
parameters on community composition. Overall, 59 families belonging to 12 orders were 
identified (Table 3). The highest numbers of families were found in the Orders Coleoptera (10 
families), Diptera (10 families), and Trichoptera (9 families). One family was found in orders 
Araneae, Megaloptera, Orthoptera, and Plecoptera.  
In December 2015 a total of 219 macroinvertebrates were sampled at sites 1-15 (n=5 per 
tributary; Table 4); 11 orders and 30 families were represented. Although Tributary 3 had the 
highest abundance of invertebrates, the number of individuals collected was not significant 
across tributaries (ANOVA, F = 2.89, p = 0.09). Of the 219 invertebrates sampled, over half 
belonged to order Trichoptera (Figure 8).  
No additional taxa were found in 2015 compared with 2013 (with the exception of one 
specimen belonging to order Orthoptera; Table 5). Overall 1,065 macroinvertebrates were 
collected in December 2013 (n=2 per tributary), which consisted of 11 orders and 43 families. 
744 macroinvertebrates were collected in May 2013. Only 54 macroinvertebrates were collected 
in 2015, 8 orders and 16 families were represented.  
Macroinvertebrate counts were compared across survey years and varied across sites, 
tributaries, elevation, and seasons (Figure 9). Total invertebrates sampled were higher at 5 out of 
the 6 sites in December 2013 compared to May 2013 (Figure 9). The number of orders was 
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relatively consistent across tributaries and survey years; however, the numbers of families and 
individuals were highly variable. The number of individuals surveyed in 2013 was statistically 
higher than 2015 based on December data (t-test: p = 0.002, df = 5; Figure 9). Also, the number 
of individuals sampled in survey year 2013 compared across survey months was significantly 
higher in December than May (t-test: p = 0.01, df = 5). Regardless of survey year, invertebrates 
were more abundant in Tributary 3. Diversity comparisons across survey years were also 
significantly different (t-test: Shannon’s Index p = 0.001, df = 5; Simpson’s Index p = 0.02, df = 
5). The dominant orders represented in the 2013 surveys were Diptera and Ephemeroptera, 
whereas in 2015 Trichoptera and Decapoda were dominant. 
All measured variables (except diversity) were used to derive a PCA biplot. Three 
variables had eigenvalues greater than 1 (which accounted for 73% of the variation). The PCA 
biplot showed three clusters (Figure 10). In one cluster, three sites on Tributary 3 were correlated 
with land use, tree cover, abundance, and elevation. The sites along tributaries 1 and 2 were 
scattered within two clusters, which were correlated either with a combination of channel 
stability, riparian buffer zone width, grain size, and distance from source or erosion potential and 
slope. The PCA biplot revealed that all of the measured land cover variables responded similarly 
whereas the channel characteristic variables did not. 
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DISCUSSION AND CONCLUSIONS 
  
The aim of this research was to evaluate the role and influence of land use and channel 
characteristics on invertebrate communities within a tropical dry forest riverine system. This 
study addressed three hypotheses: (1) sites with low tree cover and small riparian buffer zones 
will have high erosion, (2) macroinvertebrate abundance will be lower at sites with low channel 
stability values, and (3) benthic macroinvertebrate abundance will be higher in years of high 
rainfall and flow regimes. 
Land Use 
While urban land use can contribute a small percentage of a particular catchment area, its 
influence can be disproportionately large (Allan 2004). The town of Las Delicias extended 1,180 
meters along the stream bank. Within the town, there were no pipes that entered the stream; 
wastewater simply flowed down into the channel. At sites on Tributary 2 downstream from Las 
Delicias not only was grain size the smallest, the erosion potential was the highest of this study.  
Dominant land use had a direct impact on riparian buffer zone width of the sites, which 
indirectly impacted erosion rates. Wark and Keller (1963) attributed annual sediment yield 
within the Potomac River basin to percent forest cover, where annual sediment yield increased 
eight times as forest cover decreased from 80 to 20 percent. In the Nandamojo watershed, it is 
common for ranchers to drive their cattle to nearby streams for water via long used paths. Cattle 
are allowed to graze at any time of year in the riparian zone. Over time, the constant disturbance 
from cattle destroyed groundcover vegetation within the riparian forest, exacerbating the rate of 
erosion. Cattle return to the streams as soon as there is flowing water, and groundcover 
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vegetation does not have time to reestablish. Trimble (1994) found that overly grazed stream 
banks erode three to six times higher than ungrazed stream banks in the Central Basin of 
Tennessee. Livestock not only degrade water quality through erosion produced turbidity, but also 
defecate directly into the stream (Miller et al. 2010).  
Soil quality in tropical ecosystems cannot buffer impacts of agricultural practices on 
deforested land (Islam and Weil 2000). Similarly, the impact of urban land use on stream 
ecosystems is significant (Baker et al. 2007). Needed mitigation within this sub basin extends 
beyond simply replanting trees in the riparian buffer zone. Residents of this area should discuss 
the potential benefits of fencing off riparian zones to encourage regrowth of vegetation and 
prevent further destruction of riparian ground cover. Additionally, ranchers could install water 
tanks for cattle to drink, which would reduce their environmental impact. Sheffield et al. (1997) 
observed that when given options (trough or stream) cattle in southwestern Virginia drank water 
from a trough 92% of the time. This reduced stream bank erosion, total suspended solids, and 
fecal coliform concentrations. 
Channel Characteristics 
In general channels did not differ significantly along an elevation gradient; however, 
several channel characteristics varied with land use. Channel stability is the ability of an alluvial 
channel to balance erosion and deposition based on discharge over a short period of time 
(Rosgen 2001b). Channel stability was relatively consistent throughout the surveyed area despite 
variation in elevation, erosion potential, land use, and tree cover. Despite slight differences in 
grain size, channel stability ratings were either “good” or “fair” across all surveyed sites. This 
suggests that these tributaries, in general, have banks that are not susceptible to mass wasting, 
flood plains that are connected to the river, and woody vegetation (Johnson 2006).  
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The presence of smaller grain sediments close to the headwaters of Tributaries 1 and 2 
suggests the influence of urban land on grain size. The presence of urban land can indirectly 
increase erosion and sedimentation by impacting the volume and frequency of storm flow 
(Nelson and Booth 2002). In addition to sediment problems, urban runoff can cause nutrient 
enrichment and introduce toxic chemicals (Lenat and Crawford 1994). The headwaters of both 
Tributary 1 and 2 were surrounded by urban land use. Almost all sites on Tributaries 1 and 2 had 
very low numbers of invertebrates, whereas only one site on Tributary 3 had a low number. The 
sites with the greatest numbers of invertebrates had either grain, cobble or gravel as dominant, 
supporting Jacobson et al. (1997), who found that the number of insect families is positively 
related to the percent of gravel and pebble substrate. 
Overall, erosion rates were greatest on Tributary 2, which is consistent with observations 
by Trimble (1997) that channel erosion is a major factor in sediment yield from urbanizing 
watersheds. Differences in erosion rates across tributaries can, in part, be attributed to 
topography, land use, and tree cover (Walling 1999). Agriculture and urban land use increase 
erosion and sedimentation, both of which ultimately reduce water quality (Foley et al. 2005). Of 
all possible land uses urbanization is the most harmful, as both increased impervious surface and 
bare ground exposed during construction heighten flood peaks during storms (Leopold 1968). 
Riparian Buffer Zone  
 
The widths of all but one riparian buffer zone were within the range (30 to 200 meters 
wide) suggested by Hansen et al. (2010) to preserve biodiversity. The riparian buffer zone width 
at each site can be partially attributed to enforcement of forestry legislation. For instance, since 
1996, riparian forests have been protected by Costa Rica Forestry Law No. 7575, which forbids 
the removal of trees in riparian protection zones (Bennet and Henninger 2009; Lorion and 
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Kennedy 2009). Additional Costa Rican legislation states that rivers and lakes must have a 15 
meter riparian buffer in rural areas (Ramirez et al. 2008); only 1 of the survey sites (Site ID 2) 
did not meet this legal guideline. Additionally, at sites where the riparian buffer zone was less 
than 40 meters wide the dominant land use beyond the channel was pasture. Although the rate of 
deforestation in Costa Rica has been a serious threat, riparian forests are typically maintained in 
agricultural areas (Lorion and Kennedy 2009), which are vital for ecosystem functionality of 
these terrestrial and aquatic ecotones (Mathooko and Kariuki 2000). Lee et al. (2004) found 
Canada and United States buffer width guidelines (from 15.1 to 29.0 meters) to be sufficient in 
maintaining aquatic biota and habitat despite the fact that, in general, Canada buffer widths were 
33-58% larger than in the U.S. 
Riparian zones are extremely valuable for riverine ecosystems to ensure ecosystem 
function. Trees in riparian buffer zones are not only responsible for holding soil in place (Simon 
and Collison 2002) but also for providing habitat (Dudgeon 2011), removing nutrients and 
metals (Castille et al. 1994) and supplying nutrients (Sabater et al. 2000), and storing flood 
waters (Wenger 1999; Simon and Collison 2002).  Despite Costa Rica forestry legislation, 
residents still drive cattle to the river causing permanent damage to the riparian zone. Legislation 
should focus on discouraging ranchers from moving cattle through these sensitive areas. 
Furthermore, education outreach that focuses on the benefits of using water tanks and 
minimizing livestock movement through riparian zones and channels would increase awareness 
of riparian importance and maintenance.  
The first hypothesis, which stated that sites with low tree cover and small riparian buffer 
zones will have high erosion and low channel stability values, was rejected. Sites with low tree 
cover and small riparian buffer zones had high erosion; however, channel stability was relatively 
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consistent throughout the surveyed area despite variation in channel characteristics and land use. 
Compared to tree cover, riparian buffer zone width had a very weak correlation with erosion.  
Macroinvertebrate Communities and Seasonality  
 
The second hypothesis, macroinvertebrate abundance will be lower at sites with low 
channel stability vales, was rejected. Channel stability values remained constant across sites 
whereas macroinvertebrate community composition varied throughout the study area. The 2013 
surveys yielded significantly higher total invertebrates than 2015 surveys, and a shift in 
community composition was observed. Ephemeroptera and Diptera were dominant in 2013 but 
shifted to Decapoda and Trichoptera in 2015.  
The third hypothesis, benthic macroinvertebrate abundance will be higher in years of 
high rainfall and flow regimes, was accepted. In this study macroinvertebrate abundance was 
driven, in part, by interannual rainfall fluctuations. Although dry forest is characterized by 
extreme weather conditions and resident species with specialized adaptations, severe water level 
fluctuations promote habitat loss and species decline (Cortes et al. 2002). The 2015 rainfall data 
from Palo Verde, Costa Rica showed that May and June were unseasonably dry. Globally, 2015 
has been the second hottest year on record (the hottest year to date is 2016 [Steffen et al. 2017]), 
and one of driest for Guanacaste Provence (Warner et al. 2015). Ecosystem disturbances, such as 
drought, result in taxa with high resistance or resilience or they are eliminated (Szoeke et al. 
2015). 
The observed variation in macroinvertebrate abundance across survey months is not 
unprecedented. In the tropics, macroinvertebrate abundance peaks in the dry season due to flow 
stability (Dudgeon 2011). Ramirez and Pringle (1998) found massive invertebrate abundance 
differences during dry and wet seasons in Río Sábalo, Costa Rica of 183 to 1,245 individuals per 
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m2 (respectively). These results were similar to other studies from Costa Rica and Panama, but 
significantly lower compared to streams of Venezuela (2,000-10,000 m2) and Papua New Guinea 
(5,000-27,000 m2) (Ramirez and Pringle 1998).  
If water flowed continuously throughout the watershed, there might be a shift in floral 
and faunal communities, as resident species have adapted to dry conditions. Although 
macroinvertebrate communities in the dry forest of Costa Rica are resilient to fluctuations in 
hydrology (Szoeke et al. 2015), extreme hydrologic events can disturb them (Lake 2003; 
Boulton 2003). While hydrologic fluctuations can promote resiliency, there are limited data on 
the impacts of urbanization on macroinvertebrate communities of tropical dry forests (Yule et al. 
2015; Ramírez et al. 2008).  
River Management and Erosion Control 
Although water is often considered the most essential natural resource, streams have been 
the target of exploitation and abuse for years (Vörösmarty et al. 2010; Hering et al. 2006). 
Tropical streams in particular are seriously altered by human influences such as habitat 
destruction, pollution, introduced species, and flow modification (Dudgeon et al. 2006). To 
address threats imposed on tropical streams one must assess stream health and identify specific 
ecosystem problem(s) (Allan 2004), which is problematic as management information and 
species inventories are extremely limited (Dudgeon 2011; Pringle et al. 2000).  
Conservation efforts in the tropics, such as Guanacaste, are difficult not only because 
information is limited, but also because erosion susceptibility is extremely high due to land use 
conversion (Dudgeon 2011; Janzen 1988; Calvo-Alvarado et al. 2009). Despite extensive land 
use conversion in Guanacaste Provence this study demonstrated that this particular sub basin was 
in relatively good health; nonetheless, if the residents within Nandamojo watershed want to 
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maintain the health of this ecosystem a management plan should be discussed. The management 
plan should address the issues that are currently the most threatening to tropical streams 
including riparian destruction (Lorion and Kennedy 2009), urbanization (Malmqvist and Rundle 
2002), pollution (Dudgeon et al. 2006), and loss of ecosystem connectivity (Szoeke et al. 2015).  
Maintaining riverbank vegetation is essential for minimizing erosion risk, especially in 
areas of rapid and consistent land modification. In this sub basin, native bank vegetation may be 
able to regenerate if cattle traffic to and from streams is minimized, and riparian zones are 
protected with fences. If these riparian zones are not preserved ecosystem health will inevitably 
degrade. Taking action now can mitigate and prevent downstream complications and ensure 
riverine health in this tropical dry forest for future generations. 
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APPENDIX A: TABLES 
 
Table 1. Site locations and elevation in the Nandamojo watershed. Numbered sites (1-15) were surveyed in 2015, 
whereas lettered sites (A-F) were surveyed in both 2013 and 2015. 
Tributary Site ID Elevation (m) Latitude Longitude 
1 
1 38 10° 13.911' N 85° 44.132' W 
2 30 10° 13.719' N 85°44.439' W 
3 27 10° 13.452' N 85° 44.584' W 
4 29 10° 13.206' N 85° 44.777' W 
5 22 10° 13.119' N 85° 45.117' W 
A 34 10° 14.134' N 85° 43.476' W 
B 28 10° 13.431' N 85° 44.587' W 
 
2 
6 32 10° 13.888' N 85° 43.976' W 
7 30 10° 13.551' N 85° 44.227' W 
8 28 10° 13.233' N 85° 44.368' W 
9 27 10° 12.897' N 85° 44.597' W 
10 26 10° 12.774' N 85° 44.981' W 
C 38 10° 14.165' N 85° 43.676' W 
D 27 10° 13.021' N 85° 44.465' W 
3 
 
11 53 10° 11.945' N 85° 44.091' W 
12 40 10° 12.080' N 85° 44.316' W 
13 34 10° 12.177' N 85° 44.644' W 
14 31 10° 12.412' N 85° 44.825' W 
15 26 10° 12.573' N 85° 45.058' W 
E 65 10° 11.789' N 85° 43.811' W 
F 25 10° 12.714' N 85° 45.402' W 
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Table 2. Percent of pasture (P), forest (F), and urban (U) land use at 200 and 500 meters landward from each sampling site. Total buffer zone width at each 
sampling site is also provided. The left and right riverbank width measurements were combined into one overall riparian buffer zone width value for each site. 
Tributary Site ID 
Forest % Pasture % Urban % Dominant Land Use Buffer Zone  
Width (m) 200 m 500 m 200 m 500 m 200 m 500 m 200 m 500 m 
1 
 
1 3 28 62 58 34 13 P P 86 
2 26 22 36 69 36 8 P/U P 0 
3 21 21 78 74 0 3 P P 48 
4 37 20 61 77 0.3 2 P F 42 
5 23 23 76 75 0 1 P P 90 
2 
 
6 0.5 15 75 72 24 12 P P 36 
7 8 24 90 67 0.8 8 P P 36 
8 63 18 36 80 0 1 F P 38 
9 13 22 82 74 3 3 P P 73 
10 5 19 94 79 0.5 0.9 P P 39 
3 
 
11 89 97 10 2 0 0 F F 63 
12 96 95 3. 4 0 0 F F 80 
13 75 93 24 6 0 0 F F 78 
14 48 62 51 37 0 0 P F 100 
15 44 30 52 68 2 0.7 P P 67 
 
 
 
 33 
Table 3. Macroinvertebrate families recorded in 2013 and 2015 surveys. Families denoted 

 were found in 2015 
only and * were found in 2013 only. 
Araneae Salticidae 
 
Ephemeroptera 
Baetidae 
Coleoptera 
Amphizoidae Caenidae 
Blattidae * Heptageniidae 
Chrysomelidae * Leptohyphidae * 
Dytiscidae

 Leptophlebiidae * 
Elmidae Siphlonuridae * 
Gyrinidae * 
Gastropoda Melanoides 
Haliplidae Pomacea 
Histeridae * 
Hemiptera 
Belastomatidae 
Hydrophilidae Geriidae 
Lampyridae * Naucoridae 
Lutrochidae * Nepidae 
Noteridae * Veliidae 
Psephenidae * Megaloptera Corydalidae 
Ptilodactylidae 
Odonata 
Calopterygidae * 
Scirtidae

 Coenogrionidae 
Staphylinidae * Corduliidae 
Decapoda 
Atyidae

 Gomphidae 
Palaemonidae

 Libellulidae 
Unidentified * Orthoptera Acrididae 
Diptera 
Canacidae * Plecoptera Perlidae * 
Ceratopogonidae * 
Trichoptera 
Brachycentridae * 
Chironomidae Ecnomidae 
Culicidae * Glossosomatidae * 
Dixidae * Hydropsychidae 
Plychodidae * Leptoceridae 
Psychodidae * Philopotamidae 
Simuliidae * Polycentropodidae 
Stratiomyidae * Sericostomatidae * 
Tipulidae Uenoidae * 
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Table 4. Macroinvertebrate abundance at sites 1-15 in December 2015 expressed as a percent of total abundance at an individual site. 
Tributary 1 2 3 
Grand Total 
Order / Family Site ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Araneae  
Salticidae   25     1.11   1.11               100 2 
 Coleoptera  
Elmidae                 41     8   12   15 
Haliplidae   25                           1 
Hydrophilidae     12 7                       2 
Ptilodactylidae                 5             1 
Scirtidae                       2       2 
Decapoda  
Atyidae           75   33 17   6   46     25 
Palaemonidae       53         17             8 
Diptera  
Chironomidae       15           33           4 
Tipulidae                 17         13   2 
Ephemeroptera  
Baetidae                   16           1 
Caenidae                       1       1 
Heptageniidae                   16           1 
Gastropoda  
Melanoides       7   25   66 5             6 
Pomacea 33   12                         2 
Hemiptera  
Belastomatidae                         3     1 
Gerridae   25                   1       2 
 35 
Table 4. Continuation 
Tributary 1 2 3 
Grand Total 
Order / Family  Site ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Naucoridae             1                 1 
Nephidae       7                       1 
Veliidae     25             16 3 1 3  12   7 
Megaloptera  
Corydalildae                     3         1 
Odonata  
Coenagrionidae                       1       1 
Corduliidae 66 25 12 7               2 10 12   11 
Libellulidae                           12   1 
Orthoptera 
Acrididae                   16           1 
Trichoptera 
Economidae     25           11   80     61   36 
Hydropsychidae     12               6   21     9 
Leptoceridae                 5     3       4 
Philopotamidae                       75 3     64 
Polycentropodidae                       3 10     6 
Total Taxa 3 4 8 13 0 8 1 3 17 6 30 84 28 13 1 219 
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Table 5. Macroinvertebrate abundance for December 2013 and 2015 at sites A-F. Invertebrates were identified to family level with the exception of Decapods in 
2013. Data for taxa are expressed as a percent of total invertebrate abundance at an individual site. 
Tributary 1 2 3 Total  
2013 
  
Total 
2015 
  
Site ID A B C D E F 
Order / Family 2013 2015 2013 2015 2013 2015 2013 2015 2013 2015 2013 2015 
Araneae 
Salticidae <1                       1 0 
Coleoptera  
Amphizoidae   100 4   <1           14   55 1 
Dytiscidae           12             0 1 
Elmidae <1           <1   2     24 6 7 
Gyrinidae <1           2   1       9 0 
Haliplidae <1                       1 0 
Histeridae     1                   2 0 
Hydrophilidae <1     8                 1 1 
Ptilodactylidae 1                       2 0 
Staphylinidae                 <1   2   10 0 
Decapoda 
Atyidae       33   50   5         0 9 
Palaemonidae                       13 0 4 
Unidentified 14   15   6   15   22   2   121 0 
Diptera 
Ceratapogonidae <1                       1 0 
Chironomidae 30   4   31   8   1   20 6 172 2 
Dixidae                     <1   1 0 
Psychodidae             1       <1   3 0 
Simuliidae                     <1   1 0 
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Table 5. Continuation 
Tributary 1 2 3 Total 
2013 
  
Total 
2015 
  
Site ID A B C D E F 
Order / Family 2013 2015 2013 2015 2013 2015 2013 2015 2013 2015 2013 2015 
Stratiomyidae                 1       2 0 
Tipulidae <1   1   1   <1   1 1 <1   10 2 
Ephemeroptera 
Baetidae 10   6           3       26 0 
Caenidae 13       4   2       3 3 39 1 
Hydropsychidae 17                       23 0 
Leptohyphidae 5   2   2       9       28 0 
Leptophlebiidae 1   29   31   40   40   20   290 0 
Siphlonuridae         9   11       <1   36 0 
Gastropoda 
Melanoides     8   2 25 2   1       21 2 
Pomacea       8                 0 1 
Hemiptera 
Belastomatidae     <1                   1 0 
Gerridae                     <1   2 0 
Gyrinidae     2                   3 0 
Naucoridae             <1   <1       2 0 
Veliidae       16 <1   3       3 13 20 6 
Megaloptera 
Corydalildae             <1       <1   2 0 
Odonata 
Calopterygidae     <1   <1               2 0 
Coenagrionidae     2   2   1       1   13 0 
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Table 5. Continuation 
Tributary 1 2 3 Total 
2013 
  
Total 
2015 
  
Site ID A B C D E F 
Order / Family 2013 2015 2013 2015 2013 2015 2013 2015 2013 2015 2013 2015 
Corduliidae       8 1           <1   3 1 
Gomphidae     <1     12 1 50 1     3 6 3 
Libellulidae     2                   3 0 
Plecoptera 
Perlidae                     <1   2 0 
Trichoptera 
Brachycentridae                     16   2 0 
Economidae     9 16     4       16 34 75 12 
Glossomatidae                     <1   1 0 
Hydropsychidae     4 8 3   2   10   8   60 1 
Leptoceridae     1                   2 0 
Philopotamidae                     1   4 0 
Polycentropodidae         <1               1 0 
Total Taxa 130 1 124 12 121 8 194 2 159 2 337 29 1065 54 
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APPENDIX B: FIGURES 
 
 
Figure 1. Location of study area within the Nandamojo watershed in Costa Rica. Individual sampling sites on the 
three streams are labeled for 2013 (letters) and 2015 (numbers).  
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Figure 2. Monthly averages of temperature and rainfall. Average monthly maximum temperature (diamonds), and 
minimum temperature (circles) (a). Average monthly rainfall (solid black line), 2015 monthly rainfall (solid grey 
line), and 2013 monthly rainfall (dashed grey line) (b). Rainfall data from the Palo Verde Meteorological Station 
(OTS; 46 kilometers from Pura Aventura) are for 1996-2001. Temperature data are from Palo Verde 
(www.worldweatheronline.com) from 2000-2012.   
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Figure 3. Tree cover percent within the 200 meter scale. Outliers are represented by x. Mean tributary tree cover 
percent is shown with a dashed line.  
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Figure 4. Riparian buffer zone width. Mean buffer zone widths are shown with standard deviation. Data show 
overall riparian buffer zone width values (river left and right). 
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Figure 5. Site erosion versus and land use percent: forest (a) and urban (b) land use classifications using the riparian 
scale. Tributary 1 sites = diamond, Tributary 2 sites = square, and Tributary 3 sites = triangles. 
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Figure 6. Site erosion rate compared to distance from source. Tributary 1 sites = black, Tributary 2 sites = grey, and 
Tributary 3 sites = white. 
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Figure 7. Grain composition of stream channels. Wolman pebble count survey data are shown with (a) and without 
(b) organic matter.  
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a. b. c.  
Figure 8. Grain size distribution across Tributary 1 (a), Tributary 2 (b), and Tributary 3 (c). Cumulative mass retained (%) on y-axis, and particle diameter (Φ) 
on x-axis. Φ = -7 (small boulders), -5 (coarse gravel), -3 (fine gravel), -1 (very coarse sand), 1 (medium sand), 3 (very fine sand), and 5 (coarse silt).
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Figure 9. Total invertebrate count by tributaries for 2013 and 2015 samplings. Tributaries and survey years 
represented.
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Figure 10. PCA biplot. “CSV” channel stability values, “LU2” land use 200 meter scale, “LU5” land use 500 meter 
scale “TC2” tree cover 200 meter scale “TC5” tree cover 500 meter scale, “RBW” riparian buffer zone width, “GS” 
grain size value, “D” distance from river source, “EP” erosion potential, “ELE” elevation, “A” abundance, and “S” 
slope. Site IDs are shown in black, and site clusters are circled. Axis “Comp. 1” accounts for 43% of the variation 
and axis “Comp. 2” accounts for 16%. 
